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Ultrasonic ﬁeld with a frequency of 20 kHz is introduced into the solidiﬁcation process of ternary Ag33Cu42Ge25 eutectic alloy from the sample
bottom to its top. The ultrasound stimulates the nucleation of alloy melt and prevents its bulk undercooling. At low ultrasound power of 250 W,
the primary ε2 phase in the whole alloy sample grows into non-faceted equiaxed grains, which differs to its faceted morphology of long strip
under static condition. The pseudobinary (Agþε2) eutectic transits from dendrite shape grain composed of rod type eutectic to equiaxed
chrysanthemus shape formed by lamellar structure. By contrast, the ultrasound produces no obvious variation in the morphology of ternary
(AgþGeþε2) eutectic except a coarsening effect. When ultrasound power rises to 500 W, divorced ternary (AgþGeþε2) eutectic forms at the
sample bottom. However, in the upper part, the ultrasonic energy weakens, and it only brings about prominent reﬁning effect to primary ε2 phase.
The microstructural evolution mechanism is investigated on the cavitation, acoustic streaming and acoustic attenuation.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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When ultrasonic wave is introduced into the solidifying liquid
alloys, nonlinear effects such as cavitation and acoustic stream-
ing take place. These affect the crystal nucleation and growth
process, and ﬁnally to modify the solidiﬁcation microstructures
[1,2]. The well known advantages of ultrasonic solidiﬁcation
include grains reﬁnement, degasiﬁcation of alloy melt, suppres-
sion of shrinkage pipe and reduction of segregation.
Up to now, extensive work is focused on the effect of
ultrasound on single dendritic or binary eutectic solidiﬁcation
of Al-based alloys [3–6] and Mg-based alloys [7–12] because
of their wide applications in the automotive and aerospace
industries [13,14]. The common result obtained by different
researchers was that the previously coarse (Al) and (Mg)
dendrites turn into reﬁned equiaxed or globular grains in the/10.1016/j.pnsc.2014.10.010
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nder responsibility of Chinese Materials Research Society.presence of ultrasound. As for eutectic alloy, most work was
focused on their directional solidiﬁcation mechanism [15].
However, the dynamic solidiﬁcation of ternary eutectic alloys
under ultrasonic condition, which involves multiply transfor-
mations, such as the growth of primary solid phase, pseudo-
binary eutectic and ternary eutectic in sequence, should also be
an important subject for fundamental research and is promising
in industrial applications.
On the other hand, ultrasound power transmitted from the
ultrasonic transducer is regarded as the most important factor
in determining the effect of ultrasound on microstructure. In
fact, when ultrasonic waves propagate in solidifying alloy
melt, a large number of liquid–solid interface appear, which
absorb ultrasonic energy and lead to the attenuation of
ultrasound power with the increase of distance [3] as solidi-
ﬁcation proceeds. These result in the lessening of both the
cavitation effect and acoustic streaming, and the effectiveness
of ultrasound on the solidifying microstructures may only
conﬁne within a limited volume. However, there are few
references concerning the microstructure variations inside one
large alloy sample due to the attenuation of ultrasound.Elsevier B.V. All rights reserved.
Fig. 1. Selection of alloy composition and thermal analysis: (a) the location of
Ag33Cu42Ge25 alloy in the ternary Ag–Cu–Ge phase diagram; (b) the DSC
curves at a scan rate of 3 K/min.
W. Zhai et al. / Progress in Natural Science: Materials International 24 (2014) 642–648 643The low melting Ag–Cu–Ge alloy is a typical ternary
eutectic alloy system with great application. The objective of
the present wok is to study the microstructure evolution of
ternary Ag33.5Cu42Ge25 eutectic alloy within ultrasonic ﬁeld.
The growth morphologies of primary ε2 phase, pseudobinary
(Agþε2) and ternary (Agþε2þGe) eutectics versus ultra-
sound power at the sound source and along the direction of
wave propagation were investigated. The underlying micro-
structural evolution mechanisms were discussed in details.
2. Material and methods
The experiments were performed in a solidiﬁcation appara-
tus incorporated with ultrasonic generator. The Ag33Cu42Ge25
alloy samples were Φ 8 20 mm in size, contained in Φ
8 26 mm stainless steel crucible. During the experiment the
sample was heated by an electrical resistance furnace in the
ﬂowing argon atmosphere, and its temperature was monitored
by a NiCr–NiSi thermocouple at the sample top. The ultrasonic
generator consists of two parts: a KNbO3 piezoelectric
transducer with a resonant frequency of 20 kHz and a horn
made by stainless steel. During experiments, the end plane of
the crucible was ﬁxed tightly on the horn. When the alloy melt
temperature dropped to a temperature of 100 K higher than its
melting point, the furnace was moved up, and the ultrasonic
transducer was turned on. The longitudinal ultrasonic waves
were introduced from the bottom of the crucible into the alloy
melt until it solidiﬁed completely. Different exciting currents
(150 and 250 mA) were input to the ultrasonic transducer. The
corresponding ultrasound powers were estimated to be 250 and
500 W, respectively. Meanwhile, static solidiﬁcation also
performed in the ultrasonic solidiﬁcation apparatus, keeping
all the conditions the same as those of ultrasonic solidiﬁcation
without turning on the ultrasonic transducer.
After experiments, the solidiﬁed samples were vertically
sectioned, mounted in epoxy resin, polished, and etched with a
solution of 5 g FeCl3þ2 mL HClþ1 mL HNO3þ97 mL H2O.
The microstructures of solidiﬁed samples were analyzed by a
Rigaku D/max 2500 X-ray diffractometer (XRD), a Zeiss
Axiovert 200 MAT optical microscope (OM) and an FEI
Sirion 200 scanning electron microscope (SEM). In addition,
the solidus and liquidus temperatures of this alloy were
determined by a Netzch 404C differential scanning calorimetry
(DSC).
3. Results and discussion
3.1. Thermal analysis and phase constitution
Fig. 1(a) shows the location of Ag33Cu42Ge25 eutectic alloy
designated as point A in ε2(Cu3Ge) phase region of ternary
Ag–Cu–Ge equilibrium phase diagram [16]. In order to know
the solidiﬁcation path of this alloy under equilibrium condi-
tion, the DSC analysis was performed at a scan rate of
3 K/min, and the result is shown in Fig. 1(b). Three endother-
mic and exothermic peaks appear during the melting and
solidiﬁcation processes, respectively. Based on the ternaryAg–Cu–Ge phase diagram, the ﬁrst endothermic peak initiat-
ing at 812 K corresponds to the ternary eutectic transition
(Ag)þ (Ge)þε2-L, and then pseudobinary eutectic melting
(Ag)þε2-L took place at 841 K in the remaining solid alloy.
Finally, the solid ε2 phase began to melt, and the liquidus
temperature of Ag33Cu42Ge25 alloy was determined to be
850 K. The enthalpy of fusion of this alloy was measured to be
163.2 J/g. Upon cooling, the above three transformations took
place in reverse order. Hence, the solidiﬁed alloy sample
should consist of primary ε2 phase, pseudobinary (Agþε2)
eutectic and ternary (AgþGeþε2) eutectic structures.
Fig. 2(a) illustrates the cooling curves of Ag33Cu42Ge25
alloy under static condition and within ultrasonic ﬁeld. It can
be seen that the crystal nucleation initiated at 839 K with a
undercooling of 11 K during static solidiﬁcation. Once ultra-
sonic ﬁeld was applied, the liquid alloy solidiﬁed at 845 K
with a bulk undercooling of 5 K. This indicates that the
ultrasonic wave stimulates crystal nucleation and hinders the
further undercooling of this alloy. The reduction of bulk
undercooling induced by ultrasound was found to be a
common result in different alloys. As discussed in previous
work [17,18], two major factors, the higher local undercooling
in the alloy melt caused by higher local pressure from the
cavitation effect, and the decrease of wetting angles between
the crystal embryos and heterogeneous particles resulting
from the propagation of the wave both stimulate crystal
nucleation before large undercooling is achieved. Moreover,
the introduction of ultrasonic energy prolongs the solidiﬁcation
time period to 89.36 s as compared to that of 82.25 s under
static condition.
Fig. 2. Cooling curve and phase constitution of Ag33Cu42Ge25 alloy samples
under static condition and within ultrasonic ﬁeld; (a) cooling curves; (b) XRD
patterns.
Fig. 3. SEM images for structural morphologies of primary ε2 phase at
different conditions: (a) static solidiﬁcation; (b) within ultrasonic ﬁeld under
P¼250 W.
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new metastable intermetallic compounds during liquid–solid
transformation [2]. In order to investigate the effect of
ultrasound on the phase constitution of ternary Ag33Cu42Ge25
alloy, the XRD analysis were performed on the solidiﬁed
samples at various ultrasound powers. Two typical XRD
patterns are presented in Fig. 2(b), which reveal that the
solidiﬁcation microstructures obtained under static condition
and within ultrasonic ﬁeld are both composed of intermetallic
compound ε2(Cu3Ge) phase, semiconducting (Ge) phase, and
solid solution (Ag) phase. And the ultrasonic ﬁeld did not vary
the phase constitution of ternary Ag33Cu42Ge25 alloy.3.2. Microstructural evolution at low ultrasound power
Under static condition, the solidiﬁed microstructure of
Ag33Cu42Ge25 alloy was composed of primary ε2 phase,
pseudobinary (Agþε2) eutectic and ternary (Agþε2þGe)
eutectic, whose volume fractions were about 30%, 20% and
50%, respectively. This solidiﬁcation path was reserved under
low ultrasound power of 250 W, and the microstructure was
uniform along the direction of wave propagation. The three
kinds of structures take up of 38%, 16% and 46% of the total
volume, which do not show obvious change as compared with
those during static solidiﬁcation. Fig. 3 presents growth
morphologies for primary ε2 phase. During static solidiﬁcation,as shown in Fig. 3(a), primary ε2 phase grew by faceted mode
into long lath-shaped dendrites. At ultrasound power of
250 W, it is very interesting that the primary ε2 phase
displayed non-faceted equiaxed grains, and some very ﬁne
globular grains also found, as shown in Fig. 3(b). This
indicates that the primary ε2 phase experiences a growth mode
transition from faceted to non-faceted way at low ultrasound
power. The Jackson factor α¼ΔHm/(RTm) [19] predicts a
growth mode of a phase theoretically, in which ΔHm is the
melting enthalpy, R is the gas constant, and Tm is melting
point. If αo2, the phase tends to grow in the non-faceted
manner. When α42, the phase is inclined to be faceted crystal
growth. The result of calculation shows that the α value for ε
phase was 1.965, which was very close to 2. This implies that
both non-faceted and faceted growth could occur to ε2 phase,
and it is possibly for growth mode transition to ε2 phase when
solidiﬁcation condition varies. During static solidiﬁcation, the
faceted ε2 phase displayed lateral growth, and the atomic
attachment kinetics was controlled by crystal orientation to
form a microscopically faceted dendritic interface. Under
ultrasonic condition, the forced vibration of melt greatly
accelerated the movement of atoms in the liquid phase, which
makes the atoms at the interface to arrange in a disordered way
and increase the probability of atoms to reach the interface.
In this case, the interface becomes thicker and rougher.
W. Zhai et al. / Progress in Natural Science: Materials International 24 (2014) 642–648 645This atomically rough interface exposes more favorable sites
for the attachment of atoms from the liquid. Hence, primary ε2
phase experiences a transition from faceted to non-faceted
growth mode. Meanwhile, the acoustic streaming induces ﬂow
with the whole alloy melt. This leads to the uniform distribu-
tion of both temperature and solute ﬁelds around the growthFig. 4. SEM images for microstructures of pseudobinary (Agþε2) eutectic
grown during static condition and within ultrasonic ﬁeld: (a) static; (b)
P¼250 W.
Fig. 5. SEM images of (Agþε2þGe) ternary eutectic in Ag33Cu42Ge25 alloy:interface of primary ε2 phase. Consequently, equiaxed or
globular ε2 grains formed.
Fig. 4 illustrates the variation of structural morphology of
pseudobinary (Agþε2) eutectic under static condition and at
ultrasound power of 250 W. As presented in Fig. 4(a), the
pseudobinary (Agþε2) eutectic grains usually exhibited den-
dritic shape, in which (Ag) phase and ε2 phase formed
divorced eutectic. The average size of dendrite-shaped eutectic
grains was about 150 μm in length and 30 μm in width. At
ultrasound power of 250 W, the pseudobinary (Agþε2)
eutectic grains within the whole alloy sample display equiaxed
chrysanthemum shape, in which (Ag) phase and ε2 phase grew
alternatively into lamellar eutectic structure. The average size
of the equiaxed eutectic grain was reduced to about 40 μm.
This demonstrates that the growth of pseudobinary (Agþε2)
eutectic is also inﬂuenced by ultrasound. During the growth
process of pseudobinary (Agþε2) eutectic, the acoustic
streaming facilitated the uniformity of temperature, concentra-
tion, and ﬂow ﬁelds adjacent to the solid–liquid interface to
ensure that it will proceed symmetrically. Furthermore, the rod
type eutectic under static condition is known as the product of
relatively rapid solidiﬁcation, whereas the lamellar structure
within ultrasonic ﬁeld results from slow solidiﬁcation [20].
This is consistent with the result from the cooling curves
(Fig. 2) that the solidiﬁcation rate within ultrasonic ﬁeld is
slower than that under static condition.
Ternary (Agþε2þGe) eutectic under static condition, is
characterized by the regular eutectic, as shown in Fig. 5(a), in
which (Ag) phase and ε2 phase grow into lamellar structure,
and the eutectic (Ge) phase distributes homogeneously around
the lamellar structure. At ultrasound power of 250 W, the
growth morphology of this ternary eutectic does not show any
changes, as shown in Fig. 5(b). This indicates that the
ultrasonic ﬁeld has less effect on the solidiﬁcation of ternary
eutectic as compared with those of primary phase and
pseudobinary eutectic. This is due to the large volume fraction
of solid phase existing in the alloy melt before the solidiﬁca-
tion of ternary eutectic. When ternary eutectic begins to(a) during static solidiﬁcation; (b) within ultrasonic ﬁeld under P¼250 W.
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pseudobinary (Agþε2) eutectic structure in the alloy melt,
which means that the alloy melt is actually in a semi-solid
state. The ultrasonic waves attenuates sharply when transmits
in such semi-solid alloys. Therefore, it can’t remarkably affect
the growth morphology of ternary eutectic. However, an
obviously increase in the interspacing of the three eutectic
phases was still observed. The intense vibration still promoted
the inter-diffusion among the three eutectic phases adjacent to
solidiﬁcation front and increased the diffusion distances,
leading to the increase of eutectic spacing.
As mentioned above, at low ultrasound power of 250 W,
ultrasound induces the growth mode transition of primary ε2
phase from faceted to non-faceted and leads to the formation of
equiaxed chrysanthemum shape pseudobinary (Agþε2) eutec-
tic, whereas has no obvious impact on the ﬁnally solidiﬁed
ternary (Agþε2þGe) eutectic structure except the coarsening
of eutectic spacing.3.3. Distinct microstructural zones at high ultrasound power
As shown in Fig. 6, when ultrasound power rises to 500 W
two distinct zones named zones I and II appeared from the
bottom to the top of the alloy sample, which took up of 25%
and 75% of the total sample height, respectively. In zone I, theFig. 6. OM images for microstructural characteristics of Ag33Cu42Ge25 alloy
along sample axis under ultrasound power of 500 W.solidiﬁcation path of Ag33Cu42Ge25 alloy differed from that
under static condition, the three eutectic phases, (Ag), (Ge) and
ε2 phases nucleated simultaneously from the liquid alloy and
grew independently to form ternary divorced eutectic, in which
both ε2 and (Ag) phases exhibited equiaxed shape, and the
eutectic (Ge) phase showed small blocks or branched growth,
as shown in Fig. 6(c). It can be found that there was no
apparent afﬁnity among the three eutectic phases. In zone II,
the solidiﬁcation structure consisted of primary ε2 phase,
pseudobinary (Agþε2) and ternary (AgþGeþε2) eutectics.
As presented in Fig. 6(b), the primary ε2 phase developed into
small rods, and the pseudobinary (Agþε2) eutectic grew
around the primary ε2 phase. Similar to that under static
condition, the pseudobinary (Agþε2) eutectic formed at the
high ultrasound of 500 W also grew into divorced eutectic, but
the (Ag) phase and ε2 phase were more separated from each
other as compared with those during static condition. The
ternary eutectic develops in a regular way similar to that during
static solidiﬁcation. As wave propagation distance increased,
the primary ε2 phase developed into long strips, and more and
more regular ternary (Agþε2þGe) eutectic was observed, as
shown in Fig. 6(c). Furthermore, Fig. 7(a) and (b) present the
statistical results on volume fraction fv of primary ε2 phase and
ternary eutectic structure in different locations of alloy sample
solidiﬁed under ultrasound power of 500 W. In a comparison,
the corresponding volume fractions during static condition and
under ultrasound power of P¼250 W are also plotted. In zone
I (0–1/4H, H is the height of the alloy sample near the sample
bottom), the microstructure is composed of 100% divorced
ternary eutectic structure, and there is no primary ε2 phase any
more. In the region from bottom 1/4 to 1/2H, the volume
fraction for primary ε2 phase is about 40%, which is higher
than those of 30% during static condition and 38% under
ultrasound power of P¼250 W. By contrast, the volume
fraction for ternary eutectic is only about 33% under P¼500
W, which is much lower than the other two conditions. As
distance increases, in the upper part from 1/2H–3/4H, the
volume fraction of the primary ε2 phase keeps almost
unchanged, whereas that for ternary eutectic rises to 47%. In
the ﬁnal 3/4H part, the volume fraction for primary ε2 phase
decreases again to about 37% under P¼500 W, and that for
ternary eutectic remains about 50%, which are both close to
the corresponding values during static solidiﬁcation.
The average length of primary ε2 phase in different locations
along the sample axis versus ultrasound power was measured.
As plotted in Fig. 8, under static condition, the length of
primary phase did not show obvious changes in different
locations, and its average length in the whole alloy sample was
around 310 μm. At low ultrasound power of 250 W, the length
increased between 55 and 79 μm from sample top to bottom.
When ultrasound power increased to 500 W, the average size
for primary ε2 phase was about 49 μm at the bottom 1/4–1/2H.
However, the average length of primary phase shows an
increase to about 85 and 120 μm in the range of 1/2–3/4H
and 3/4–1H, which is even larger than that under ultrasound
power of 250 W, but still much smaller than that during static
solidiﬁcation. This demonstrates that though the sound wave
Fig. 7. Volume fraction for primary ε2 phase and ternary (Agþε2þGe)
eutectic phase versus ultrasound power and location in alloy sample:
(a) primary ε2 phase; (b) ternary (Agþε2þGe) eutectic.
Fig. 8. Size of primary ε2 grains in alloy samples versus ultrasound power and
location.
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ultrasound power, it brings about prominent reﬁnement effect
to primary ε2 phase.
The above morphological and the volume fraction variations
both indicate a weakening effect of ultrasound on the micro-
structural evolution as distance extends in alloy sample solidiﬁed
under ultrasound power of P¼500 W. At this high ultrasound
power, the cavitation and acoustic streaming are very intensive
near the sample bottom, which alters the solidiﬁcation path. It is
well known that the cavitation effect produces ultrahigh pressure(which can reach 5 GPa after the collapse of microbbules) and
initiates nucleation in undercooled liquid by raising the local
melting point and lowering the local activation energy for
nucleation. The rise of melting point Tm with pressure P can be
expressed by Clausius–Clapeyron equation:
TP ¼ Tmþ PP0ð Þ TmΔVΔHm
ð1Þ
where TP is the melting point at atmospheric pressure, P0; ΔV and
ΔHm are the volume change and enthalpy change during liquid–
solid transformation, respectively. Assuming that the high
pressure is up to 5 GPa, the local melting temperature of
Ag33Cu42Ge25 alloy is elevated by 245 K, which makes the
undercooling level and nucleation probability in the vicinity of
cavitation site much higher than those in bulk alloy melt. Thus,
the three eutectic phases can nucleate dependently. In the
meantime, the acoustic streaming enhances the solute inter-
diffusion among eutectic phases, and induces disturbances and
instabilities at the solid–liquid interface. Therefore, the coupled
growth mechanism under the static condition is interrupted to a
certain degree and the divorced eutectic growth mode takes place.
On the other hand, due to the simultaneous growth of the three
eutectic phases at the sample bottom, a large number of solid–
liquid interfaces appear, which greatly dissipates and absorbs the
sound energy. In this case, the ultrasound power at the upper part
of the sample decreases. As a result, the ultrasound power fades
as distance increases, and its effect on the solidiﬁcation process of
the alloy melt in the upper part weakens.4. Conclusions
An ultrasonic ﬁeld was introduced into the solidiﬁcation
process of ternary Ag33Cu42Ge25 eutectic alloy from the
sample bottom to its top in the present study. It has been
found that the ultrasound promotes the crystal nucleation and
prevents the bulk undercooling of liquid alloy. At ultrasound
power of 250 W, the primary ε2 phase in the whole sample
grows into non-faceted equiaxed grains, which differs to the
faceted morphology of long strip under static condition. The
pseudobinary (Agþε2) eutectic transforms from dendrite-
shape grain composed of divorced eutectic to equiaxed
chrysanthemum shape formed by lamellar eutectic. However,
the growth morphology of ternary eutectic shows no obvious
changes except an increase in eutectic spacing. This is because
the large volume fraction of solid phase existed in the alloy
melt when ternary eutectic solidiﬁes, which greatly attenuates
the ultrasound energy. At a high ultrasound power of 500 W,
divorced ternary (Agþε2þGe) eutectic occurs at the sample
bottom. This is because the dramatic cavitation effect promotes
eutectic phases to nucleate independently, while the acoustic
streaming efﬁciently suppresses the coupled growth of eutectic
phases. However, a large number of solid–liquid interfaces
resulting from the simultaneous growth of the three eutectic
phases absorb the acoustic energy, and lead that the effect of
ultrasound on the upper microstructures weakens as wave
propagation distance increases.
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